INTRODUCTION
============

Secretory proteins exported via the general secretory (sec) pathway are synthesized as precursors with an N-terminal signal peptide. This signal peptide is removed by leader peptidase I upon export to the periplasm \[for a review of export, see ([@B1])\]. The signal peptide can be divided into three regions: a hydrophilic N-terminus often containing 1--3 positively charged residues, a hydrophobic core and a cleavage site for processing by the respective signal peptidase ([@B2]).

The role ascribed to the positively charged N-terminus of the signal peptide is to provide stable interactions with the negatively charged inner membrane phospholipids. This interaction is thought to be important for targeting the secretory protein translocase ([@B1]). The positive charge could also aid interaction with the export machinery, signal recognition particle (SRP) ([@B3]) and SecA ([@B4]). Studies by von Heijne ([@B2],[@B5]) on the charge distribution of 39 and 32 prokaryotic signal sequences reported a net positive charge at the N-terminus of 1.7. Despite the abundance of positively charged residues at the N-terminus of signal peptides, studies have shown that removing the positive charges, such that the net charge at the N-terminus is 0, has differing effects on export. These include a reduced rate of export ([@B6],[@B7]), lower rate of protein synthesis ([@B8]) and no discernable effect ([@B9]). If there is a net-negative charge, then export is impaired, with increased levels of unprocessed precursor ([@B7; @B8; @B9]). These results suggest that a net positive charge is not essential for export to occur, and raises the question of why the majority of secretory proteins have a positive charge at the N-terminus.

With the availability of the complete genome sequence of *Escherichia coli* ([@B10]), and the ability to sort secreted proteins from non-secreted proteins ([@B11]), distribution of charged residues was analysed in secretory proteins. The codon usage of the charged residues was further analysed and revealed preference for AAA at P2, implying that codon usage was a stronger selective pressure than a requirement for a positive charge.

MATERIALS AND METHODS
=====================

Molecular cloning techniques
----------------------------

All cloning was carried out in *E. coli* DH5α (*F-(80dlacZ ▵ M15) (lacZYA-argF) U169 hsdR17 (r-m+) recA1 endA1 relA1 deoR*). Kanamycin was used at 50 μg/ml. Primers were made by Pro-Oligo (Sigma, Lismore). All PCR reactions were carried out using Phusion Taq (Finnzyme). Ligations using T4 DNA ligase and digests were performed according to manufacturer\'s instructions (New England Biolabs). DNA sequencing was done using Big Dye Terminator method (Griffith University DNA Sequencing Facility).

Construction of pMalE::bla, pPhoA::bla and second position mutants
------------------------------------------------------------------

The wild-type *bla* gene and signal sequence mutants were generated by splice-overlap PCR and cloned into the multicloning site of pGBS19 \[pUC19 with kanr replacing *bla*, ([@B12])\]. Briefly the pMalE::bla was made with splice-overlap PCR products generated from the 5′bla-MBP/3′MBPss and the 5′MBP-bla/bla_rev primer pairs, amplified with 5′bla-MBP and bla-rev primer pair. The pPhoA::bla construct was generated from the 5′phoA-bla/bla_rev and 5′bla-phoA/3′phoAss primer pairs, amplified with 5′bla-phoA and bla_rev primer pairs. Primers are listed in [Table 1](#T1){ref-type="table"}. The MBP signal sequence was amplified from the plasmid pMALp2e vector while the PhoA signal sequence was amplified from *E. coli* K-12 MG1655. For both constructs, the upstream primer (5′bla-MBP, 5′bla-phoA) incorporated 28 bp upstream of the *bla* start codon from pMALp2e, which contains a Shine Dalgarno sequence and an *EcoR*I site. The common downstream primer, bla_rev, incorporates a *Pst*I site. The splice-overlap PCR product was digested with *EcoR*I and *Pst*I and ligated into pGBS19. Prospective colonies were selected on LB-kanamycin plates and confirmed by sequencing using terminal primers. Amino acid changes were incorporated on oligonucleotides using pMalE::bla and pPhoA::bla as template for the PCR reaction. The PCR product was amplified using the mutagenic and bla-rev primer pair, digested with *EcoR*I and *Pst*I and cloned into pGBS19. Prospective colonies were sequenced to check for the correct base changes. Table 1.Primers used in this studyPrimerSequence (5′--3′)Splice overlap primersBla-revTTGGCTGCAGATCAACCGGGGTAAATCAAT5′bla-MBPCAGTGAATTCTATTGAAAAAGGAAGAGTAT GAAAATAAAAACAGGTGCACGCATCCT5′MBP-blaGATGTTTTCCGCCTCGGCTCTCGCCCACCCA GAAACGCTGGTGAAAGT3′MBPssGGCGAGAGCCGAGGCGGAAAACATC3′phoAssGGCTTTTGTCACAGGGGTAAA5′bla_phoA_FCAGTGAATTCTATTGAAAAAGGAAGAGTAT GAAACAAAGCACTATTGCACTGG5′phoA_blaTTTACCCCTGTGACAAAAGCCCACCCAGAA ACGCTGGTGMutagenic primersMBP::K2GCAGTGAATTCTATTGAAAAAGGAAGAGTAT GGGAATAAAAACAGGTMBP::K2LCAGTGAATTCTATTGAAAAAGGAAGAGTAT GCTGATAAAAACAGGTMBP::K2NCAGTGAATTCTATTGAAAAAGGAAGAGTAT GAATATAAAAACAGGTMBP::K2ACAGTGAATTCTATTGAAAAAGGAAGAGTAT GGCAATAAAAACAGGTMBP::3NCAGTGAATTCTATTGAAAAAGGAAGAGTATG AATATAAATACAGGTGCAAACATCCTCGCPhoA::K2NCAGTGAATTCTATTGAAAAAGGAAGAGTATG AATCAAAGCAC

Determination of minimum inhibitory concentration (MIC) and protein expression
------------------------------------------------------------------------------

The MIC was determined using cultures grown overnight in LB-kanamycin and subcultured 1:100 the following morning. When cells were in mid-log phase, 10^6^ cells were added to a microtitre plate for MIC determination, containing either freshly prepared ampicillin or kanamycin two-fold serially diluted. From the same culture 1 ml was spun down and resuspended in sample buffer for western analysis using a 1:10 000 dilution of a polyclonal β-lactamase antibody (Chemicon International, AB3738).

Bioinformatic analysis
----------------------

### Generation of data sets

At the outset of this study each ORF of *E. coli* K12 (MG 1655) complete genome sequence as annotated by genbank accession U00096.2 was sorted into three groups; secreted, non-secreted and uncertain (see supplementary [Table 1](#T1){ref-type="table"}). The proteins were sorted based on the result of signalP 3.0 analysis (<http://www.cbs.dtu.dk/services/SignalP/>) of their first 70aa. Sequences whose SignalP report featured 4 'Y\'s were classed secretory; if 4 'N\'s they were classed non-secretory; and sequences with reports featuring any other combination were grouped into uncertain category. This data set formed the basis of later analysis.

### Determination of N-terminal methionine removal by MAP

The online TermiNator2 webserver (<http://www.isv.cnrs-gif.fr/terminator2/index.html>) was used to analyse the probability of formylated methionine (f-Met) removal from predicted secreted and non-secreted protein groups. The settings used were for 'prokaryotic protein', 'Intrinsic, chromosome-encoded gene' and 'LPR cleaved: No' for both the predicted secretory and non-secreted proteins. The results were tabulated in excel documents (data not shown) and analysed.

RESULTS
=======

Analysis of the charge distribution of secretory genes
------------------------------------------------------

To study the distribution of positively charged residues in the signal peptide, first all protein-encoding genes (4153) from the *E. coli* K-12 (strain MG1655) were categorized as either secretory or non-secretory based on signalP ([@B11]) analysis of the first 70 amino acids (see Materials and Methods). This analysis generated 466 secreted and 3023 non-secreted genes with 664 not able to be classified in either group. To ensure that the entire N-region was included in the analysis, the distribution of positively charged amino acids was analysed for the first 10 amino acids from the secretory group ([Figure 1](#F1){ref-type="fig"}). The net charge across this region was 1.84, compared to 0.4 for the non-secreted group. Approximately one-third of the net positive charge in the secretory group is due to lysine at P2 and P3. Figure 1.Stacked histogram showing the frequency of charged residues by position in the secretory genes of *E. coli*.

The extent of the bias for all charged amino acids was analysed using a χ2 test: ∑(observed−expected)2/(expected), with 19 degrees of freedom. The expected values for an amino acid were calculated using its frequency of occurrence at the respective position in all genes. This revealed that at P2, there was a massive bias for lysine (*P* = 1.72 × 10^−24^). At P3 both lysine and arginine were preferred (*P* = 2.71 × 10^−10^ × 10−9, *P* = 0.001, respectively), although arginine was clearly less than lysine ([Table 2](#T2){ref-type="table"}). This appears to be consistent with the reported key role for positively charged residues at the N-terminus of the signal peptide, but raises the question of why there is significant bias only for lysine, rather than any positively charged residues, at P2. Table 2.Observed and expected frequencies of amino acids at P2 and P3 in secretory groupAmino acidP2P3ObservedExpectedObservedExpectedGlycine[^a^](#TF1){ref-type="table-fn"}491213Alanine[^a^](#TF1){ref-type="table-fn"}20422122Proline[^a^](#TF1){ref-type="table-fn"}14151013Serine[^a^](#TF1){ref-type="table-fn"}35732529Threonine[^a^](#TF1){ref-type="table-fn"}24413040Valine[^a^](#TF1){ref-type="table-fn"}5101323Cysteine0113Asparagine43372130Aspartic acid415523Leucine16293236Isoleucine19263637Histadine66812Glutamine12191031Glutamic acid920227Phenylalanine21151415Methionine179189Lysine170[^b^](#TF1){ref-type="table-fn"}67124[^c^](#TF1){ref-type="table-fn"}55Tyrosine451214Tryptophan1156Arginine422767[^d^](#TF1){ref-type="table-fn"}31[^1]

Other than a requirement for a positive charge, another possible factor constraining amino acid usage at P2 in secreted proteins could be the removal of the N-terminal methionine by methionyl amino-peptidase (MAP). All bacterial proteins start with a f-Met. The process of f-Met removal involves two steps, with the formyl group first removed by a deformylase ([@B13]), followed by excision of the N-terminal methionine by MAP. In general, amino acids at P2 that are small promote N-terminal methionine removal by MAP, whereas large amino acids prevent N-terminal methionine removal ([@B14],[@B15]). If the N-terminus of the signal peptide is required to help initiate export by associating with the cytoplasmic membrane, then presumably removal of the N-terminal methionine by MAP, whose binding pocket recognizes the first two residues, would inhibit this process, albeit temporarily. This could form a selection pressure to use amino acids at P2 in secreted proteins that prevent N-terminal methionine removal. Using a program recently described in Frottin *et al.* ([@B14]), all secretory and non-secretory proteins were analysed for probability of N-terminal methionine removal (see Materials and Methods). In the secretory group, 78.33% (365/466) are predicted to retain the N-terminal methionine, compared to 57.62% (1742/3023) of non-secretory proteins ([Figure 2](#F2){ref-type="fig"}). Assuming that there should be no difference between the two groups, this difference is significant (*P* \< 10−5). However, the question still remains as to why only lysine, not arginine and histidine, is preferentially used in secreted proteins at P2. Figure 2.Graph showing the percentage of f-Met removal in secretory and non-secretory proteins using algorithm developed by Frottin *et al.* ([@B14]). The probability that the proportions are equivalent was calculated using a difference of proportions test. *P*(1 and 2) = \< 10−5, *P*([@B3]) = 0.999. The number in bracket corresponds to the number above three sections of the graph. The values on the right of the dotted line were with the lysine codon AAA removed from the analysis.

The lysine codon AAA is preferred at the second amino acid position in secreted proteins
----------------------------------------------------------------------------------------

Another factor that could affect amino acid composition at the second position is selection for codons that promote or hinder translation initiation efficiencies. Two independent studies have shown that codon usage at the second amino acid position can affect translation initiation efficiencies ([@B16],[@B17]), which is thought to be the rate limiting step in translation ([@B18],[@B19]). The strength of translation initiation correlates to the nucleotide composition, with adenosine content promoting high translation initiation efficiencies. As this factor is independent of amino acid properties but rather codon dependent, analysis on the codon usage at the second amino acid position in all groups was done using a χ2 test with 60 degrees of freedom (not including stop codons as possibilities). The expected values were calculated using the total frequency of codons in all *E. coli* genes at P2. The data were limited to amino acid families that occurred more than 30 times, as numbers below this are too small to do a χ2 test on. This analysis showed that only the lysine codon AAA, which is used 29.68% of the time in the secreted group at P2, occurred at levels significantly greater than expected (*P* = 1.7871 × 10−7) ([Table 3](#T3){ref-type="table"}). All other codons, including the other lysine codon AAG, occurred at frequencies that were expected (*P* = 0.99 for AAG). Extending the same analysis to P3, where there was a bias for the amino acids lysine and arginine, revealed no codon bias for any codon at that position. The bias for AAA at P2, and not for AAG, indicates that the selective pressure is for codon usage and not the amino acid at this position in secretory proteins. Table 3.Observed and expected codon usage at P2 for secretory groupCodonAmino AcidObservedExpectedUCUSer413UCCSer77UCASer29UCGSer25AGUSer1320AGCSer719AAUAsn2523AACAsn1814AAALys138[^a^](#TF2){ref-type="table-fn"}53AAGLys3213CGUArg168CGCArg106CGAArg44CGGArg32AGAArg74AGGArg21[^2]

### Bias for non-MAP residues entirely due to preference for AAA

To see if the statistically significant bias for non-MAP-residues at P2 in the secretory group could be attributed to AAA, all genes with AAA at P2 were removed from the analysis. This revealed that the two groups were now statistically equivalent (*P* = 0.99, [Figure 2](#F2){ref-type="fig"}). This means that the bias for residues that do not promote N-terminal methionine removal at P2 seen in the secretory group is solely due to the bias for AAA at P2 in the secretory group. Removal of AAA at P2 reduces the net-positive charge at the N-terminus from 1.84 to 1.55. Therefore approximately one-sixth of the net-positive charge in secretory proteins is due to the AAA codon at P2. As AAA is the highest initiator of translation, and nearly all other codons are half as efficient ([@B16],[@B17]), this might explain why only lysine, and in particular the codon AAA is preferred in secretory proteins.

### Experimental verification that efficient translation initiation is required at P2 for secretory proteins

The above analysis raises the possibility that the bias for lysine in secreted proteins at the second amino acid position is due to the codon AAA to promote high translation initiation efficiencies, rather than a requirement for positive charge or to avoid N-terminal methionine removal. To investigate this experimentally, two model signal sequences with AAA at P2, maltose binding protein (MBP) and alkaline phosphatase (AP), were fused to the mature region of β-lactamase (*bla*) on pGBS19 generating the plasmids pMalE::Bla and pPhoA::Bla ([Figure 3](#F3){ref-type="fig"}A). By creating fusions to β-lactamase, export to the periplasm can be measured by resistance levels to β-lactam antibiotics, as this only occurs when β-lactamase is correctly folded in the periplasm, a property that has been utilized in previous studies ([@B20],[@B21]). Figure 3.(**A**) Schematic of the pMalE::bla and pPhoA::bla constructs used in this study. The cloning sites *EcoR*I and *Pst*I are shown. The white box (to scale) represents the fusion of the signal sequence of *malE* and *phoA* to *bla*. For panels (**B**) and (**C**), the DNA and amino acid sequence of the first 10 amino acids are shown for all constructs used in this study. Changes to the amino acid code from the respective wt-sequences are shown in bold. To the right of each sequence is a vertical Western blot, showing the respective protein expression and the corresponding MIC values in DH5α. Panel B deals with the requirement for positive charge at P2, whereas panel C deals with the effect of N-terminal methionine removal on export. All MIC values for kanamycin were 8 mg/ml showing that plasmid copy number was constant for all constructs in this study. The black line indicates the 37.1 kDa molecular weight marker (Invitrogen, Cat. No. 10748-010). Key: ss: signal sequence.

For both fusion proteins, the lysine codon AAA was changed to the asparagine codon AAT (pMalE::Bla_K2N, pPhoA::Bla_K2N). The AAT codon is the second best initiator of translation after AAA as measured by two independent studies ([@B16],[@B17]). This reduces the net-positive charge at the N-terminus from +1 to 0 for pPhoA::bla_K2N, and +3 to +2 for pMalE::bla_K2N. Analysis of expression as measured by MIC levels showed that the net loss of one positive charge in the MBP and AP signal peptide caused no change in ampicillin resistance levels relative to the unmodified fusion protein ([Figure 3](#F3){ref-type="fig"}B). The Western analysis showed equivalent production of mature β-lactamase relative to the unmodified fusion protein, with no increase in precursor forms for both fusion proteins, indicating that there was no general defect in secretion caused by the reduction in net positive charge ([Figure 3](#F3){ref-type="fig"}B). This indicates that a positive charge at the second amino acid position is not required for export, and that using a codon that initiates translation strongly has no discernable effect on export or expression.

### Experimental evidence suggests no selective pressure for non-MAP residues at P2

Changing the P2 residue from lysine to asparagine does not show whether N-terminal methionine removal has any effect on protein export, as both amino acids are not removed by MAP. In order to investigate if N-terminal methionine removal has an effect on export, the second amino acid from the pMalE::Bla construct was changed to alanine (GCA), glycine (GGA) and leucine (CTG), generating the constructs pMalE::Bla_K2A, K2G and K2L. Both alanine and glycine are small amino acids that promote N-terminal methionine removal by rates of 97 and 92%, respectively, however leucine does not promote N-terminal methionine removal ([@B14]). All three codons though promote poor translation initiation rates compared to AAA ([@B16],[@B17]). If N-terminal methionine removal has a deleterious effect on export, then one would expect the pMalE::Bla_K2L construct would have higher MIC values compared to K2A and K2G constructs. However, there was no accumulation of precursor seen from Western analysis on whole cell extracts for any second amino acid change ([Figure 3](#F3){ref-type="fig"}C), indicating there is no defect in secretion by changing to residues that promote N-terminal methionine removal. When assayed for resistance to ampicillin, K2A had 4-fold and K2G and K2L had a 16-fold reduction in ampicillin MIC compared to MBP::bla. This correlates well with reduced translation efficiency reported in previous studies ([@B16],[@B17]). Hence it is unlikely that N-terminal methionine removal is deleterious for secretion, and therefore unlikely to be a selecting force constraining codon choice at the second amino acid position.

DISCUSSION
==========

In this study, the charge distribution of all *E. coli* sec dependent signal peptides was analysed. This revealed a massive bias for lysine at P2, which could be attributed to a bias for the lysine codon AAA. The preference for lysine codon AAA at P2 was experimentally shown not to be a requirement for a positive charge. Two studies have shown that AAA at P2 is the best initiator of translation ([@B16],[@B17]). We propose that the selective pressure at P2 is for codons that promote faster translation initiation efficiencies. There does not appear to be any selective pressure at P2 for residues that do not promote N-terminal methionine removal.

Sequences rich in adenine nucleotides immediately downstream of the start codon have been shown to enhance gene expression, presumably by enhancing translation initiation ([@B22]). As lysine is encoded by AAA and AAG, it could be these factors that enhance choice of lysine at P2 and P3, not a requirement for a positive charge. This is supported by the ratio of lysine to arginine, which is 4.05:1 at P2 and drops at every position down to 0.41:1 by P9. If the requirement were simply for a positive charge, then one would not expect preferential usage of one basic amino acid over another. This enhances the idea that secretory proteins require higher translation initiation rates, but raises the question why that is necessary?

Signal peptides also contain the highest levels of non-optimal codons seen anywhere in the genome ([@B23]). Studies have shown that the insertion of consecutive non-optimal codons downstream of the start codon significantly lowers protein production compared to insertion of the same codons further downstream ([@B24; @B25; @B26]), due to ribosomes dissociating from the transcript prematurely ([@B27]). Hence for secretory proteins it is likely that ribosomes would disassociate prematurely due to the high levels of non-optimal codons in the signal sequence. Preferential use of AAA at P2, and the high use of adenine rich nucleotides at P3, which promotes rapid translation initiation, would help to counteract that effect, as subsequent ribosomes would quickly replace the previously dissociated ones. This would likely result in more ribosomes per transcript. Conversely factors that promote slow translation initiation would likely result in the spacing between ribosomes being greater, as one ribosome would be able to translate more codons before the next one commences translation.

Biasing codons to ensure rapid translation initiation could help recycle chaperones required for export. For example the molecular chaperone SecB delivers the presecretory protein to SecA, while SRP delivers the presecretory to FtsY ([@B1]). Both SecA and FtsY are inner membrane proteins. Once directed to these proteins, the chaperone is free to associate with a new nascent peptide. If ribosomes are close together on an mRNA transcript, due to increased translation initiation efficiencies, this could allow efficient binding to a new nascent peptide emerging from an upstream ribosome. This time factor may be important, as proteins must be in a loosely folded state to allow protein export ([@B28],[@B29]). If it takes longer for the chaperone to find the next nascent peptide, this could mean the nascent peptide folds into a conformation incapable of export.

This study, as well as others ([@B6; @B7; @B8; @B9]), has found that a positive charge is not required for protein export. Studies have found that a net negative charge is deleterious for export, resulting in increased amounts of unprocessed precursor ([@B7; @B8; @B9]). Other than the extreme bias for lysine at P2 and P3, which could be to promote high translation initiation frequencies, there was no bias for a positively charged residue at any other position. This raises the possibility that the overall selective force in the entire N-region of signal peptides is to avoid a net-negative charge. Supporting this is the fact that the negatively charged residues glutamic acid and aspartic acid occur on average 0.01 times from P2-P10 in secretory proteins, compared to 0.81 times for all other genes (data not shown). Given that most secretory proteins are exported to the membrane by SRP or SecB ([@B30]), there is no requirement for the positive charge to interact with the membrane to initiate export. Once at the membrane, a net-negative charge would interfere with insertion into the membrane, due to the negatively charged phospholipids. Hence the observation that sec dependent signal peptides contain a positive charge at the N-region could be due to selection for lysine at P2 and P3 to promote high translation initiation efficiencies, and an overall selection against a net-negative charge.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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[^1]: ^a^amino acids that promote f-Met removal by MAP. The *P*-values are ^b^*P* = 1.72 × 10^−24^, ^c^*P* = 2.71 × 10^−10^, ^d^*P* = 0.001, which were calculated using a χ^2^ test with 19 degrees of freedom. The expected values of amino acids at P2 and P3 were calculated by using their frequency of occurrence (f) at their respective position in all protein encoding *E. coli* genes (4153). For example, alanine occurs 372 times in all genes at P2. Expressed as an *f*-value this is: *f*~ala~ = 372/4153 = 0.0896. So the expected value of alanine in the secreted group is: 0.0896 × 466 = 41.74. The expected numbers shown in the table are the rounded to the nearest whole number.

[^2]: ^a^*P*-value is 1.79 × 10^−7^ calculated using a χ^2^ test with 60 degrees of freedom. Expected values were calculated using the frequency of codon usage of all genes in the *E. coli* genome.
